Abstract. SrTiO 3 sample has been successfully prepared by mechanical alloying (MA) method. The effect of milling time on microstructure, crystallite size and dielectric properties of SrTiO 3 were studied. The results revealed that the mean crystallite size of milled powders decreased from 84.56 to 12.87 nm with increasing milling time. However, the average lattice strain of milled powders increased from 0.2 to 0.93% with increasing milling time. A single phase SrTiO 3 could not be formed with milling alone and required annealing process. A transformation of anatase-TiO 2 to rutile-TiO 2 was observed at 16 h of milling. After the milled powders were subjected to sintering process at 1200°C, formation of single-phase SrTiO 3 -type cubic (Pm-3m) perovskite structure was observed. The peak intensities of the sintered SrTiO 3 samples decreased as the milling time was increased. For microstructural observations, the average grain size of the sintered SrTiO 3 sample milled for 8 h showed the largest. For dielectric measurements, the dielectric constant of the sintered SrTiO 3 sample milled for 8 h showed the highest among others. This could be due to the largest grain size obtained for sintered SrTiO 3 sample milled for 8 h. The decrease in the grain size with increasing milling time resulted to the decrease in dielectric constant.
Introduction
Strontium titanate (SrTiO 3 ) is an ideal cubic perovskite-type crystal structure which exhibits paraelectric properties at room temperature. Since the discovery of its natural counterpart in 1982 in Siberia, it was named as Tausonite by Academician Lev Vladimirovich Tauson (1917 Tauson ( -1989 , a Russian geochemist [1] . SrTiO 3 , as a ceramic material with high dielectric constant (ε'), low dielectric loss (ε"), large polarization and good insulating properties, is a potential candidate in electronic industry.
The oldest and most commonly used preparation route for SrTiO 3 powder is solid state reaction method. In solid state synthesis, normally SrCO 3 and TiO 2 are used as starting materials and the reaction mixtures are calcined at high temperatures (>1000°C) with repeated grinding [2] . However, the powders obtained are agglomerated grains of different sizes, chemically inhomogeneous, and contain some undesirable secondary phases, all of which prevent the powders to be used for advanced electronic materials [3] .
Currently, nanocrystalline materials with grain size in nano-scale (1 nm-250 nm), have been the subject of widespread research due to their unique properties which are determined by surface structures and sizes. Various types of non-equilibrium method have been developed during the past few decades to produce nanocrystalline materials, which including rapid solidification processing [4] , vapor deposition [5] , spray forming [5] , mechanical alloying [6] , and plasma processing [5] . Among the methods mentioned above, mechanical alloying has been used extensively to synthesize nanocrystalline materials. This simple room temperature mechanochemical process uses low cost oxides as starting materials and skips the calcination process at an intermediate temperature, leading to a simplified process. However, much less attention has been given towards the mechanical alloying processed SrTiO 3 ceramics. Therefore, in the present work, preparation of SrTiO 3 powders from mixture of SrCO 3 and TiO 2 via a high energy ball milling technique (mechanical alloying method) will be reported. The effect of milling time on crystallite size, dielectric properties, and microstructure development of milled powders will be presented and discussed.
Experimental Method
A mixture of SrCO 3 powder (purity 99.99 %) and of TiO 2 powder (purity 99.9%, anatase) by molar composition 1:1 was milled in air using a high energy ball mill (SPEX SamplePrep 8000 Mixer/Mill). The mixed powders were sealed in a stainless steel vial together with hardened steel balls and milled at different time periods (8, 12 , and 16 h). The ball-to-powder weight ratio was 10:1. The milled mixture powder was pressed into pellets form by the Carver Manual Pellet Press with an applied load of 15 N. The pellet was sintered at 1200°C with a heating rate of 5°C/min for 20 h using a carbolite furnace. XRD analysis was performed using PANalytical X'Pert Pro diffractometer system with Cu Kα radiation from 20° to 80° at 2θ interval. Rietveld refinement was performed using software X'pert Highscore Plus to fit the entire diffraction at once, optimizing the agreement between calculated and observed patterns. The crystallite size, D, and the lattice strain, ε, was calculated using WilliamsonHall equation as follows:
where B is the FWHM (full width at half maximum) or integral breadth in radians, θ is the Bragg angle, and λ is the X-ray wavelength used, The microstructure observation of the sintered samples which were milled for 8, 12, and 16 h was examined by Field Emission Scanning Electron Microscope (FESEM). For dielectric measurements, the samples sintered at 1200°C which were milled for 8, 12, and 16 h were measured at room temperature from 0.01 Hz to 1 MHz by High Resolution Dielectric Analyzer.
Results and Discussion
Fig. 1(a) depicted the XRD patterns of SrCO 3 and TiO 2 mixture powders as a function of milling time. For unmilled XRD patterns, the whole diffraction peaks were mainly attributed to the starting powders of SrCO 3 and TiO 2. When further milling up to 12 h, the mixture of SrCO 3 and TiO 2 were still dominant and there was no detectable SrTiO 3 peaks indicating that no reaction occurred between the starting mixture powders and no constituent phases were changed during the mechanical milling process. The diffraction peaks of anatase-TiO 2 completely disappeared as the milling time increased up to 16 h. At the same time, rutile-TiO 2 phases began to appear which indicated that increasing milling time can inhibit anatase to rutile transformation [7] . The anatase to rutile transformation could be due to the rise of local temperature and pressure during the collision between the powder and balls, the additional energy caused by the defects, lattice distortion, and refinement of the particles during ball milling [8] . Mechanical alloying has led to a reduction in peak intensities and broadening of the diffraction peaks as the milling time duration was extended.
The lower intensities and broader peaks of the milled samples could be attributed to the lattice imperfections (fine particle size and accumulated internal strain), instrumental profile, and the presence of stacking faults of the SrCO 3 and TiO 2 crystal structure during the milling process [9] . Generally, larger amount of defects were introduced to the milled sample when subjected to high energy impact, thus causing the peak broadening and reduction in crystallite size as the milling time increased. Based on the dislocation theory, lattice strain is proportional to the dislocation density [10] . Hence, the increase in lattice strain with increasing milling time could be attributed to an increase in the dislocation density. Possible mechanisms that involve for the transfer between the starting powders during milling may include plastic deformation induced by surface deformation, microdeformation in defect-free volumes, local temperature rise, and hydrostatic stresses. Table 1 . The milled samples subjected to sintering exhibited grain growth, and the effect of milling time on the grain sizes were still dominant. With increasing milling time, the abundant quantities of smaller grains instead of larger grains were observed. All the three sintered samples exhibited spherical particle shape, non-uniform particle size distributions with porous structure. Generally, all the three sintered samples showed the same trend, the dielectric constant and loss tangent were strongly frequency-dependence at frequency below 10 Hz. The high value of the dielectric constant and loss tangent at lower frequency (0.01 Hz to 10 Hz) could be due to the presence of space charges in the samples. In the frequency range from 10 Hz to 1 MHz, dielectric constant and loss tangent attained a constant value due to the saturation of space charge polarization at higher frequency [11] . On the other hand, the dipoles were not able to follow the applied ac electric field resulting in the decrease of the dielectric constant at higher frequency [11] . From the graphs, the steep decrease in the dielectric constant was accompanied by a dielectric loss relaxation peak, as shown in Fig. 4b . The dielectric constant of the sintered sample which was milled for 8 h showed the highest value compared to those milled for 12 h and 16 h. The dielectric constant is strongly dependent on its grain size, where increasing grain size increases the dielectric constant. The values of the dielectric constant and loss tangent at 1 MHz were listed in Table 1 . 
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